Strains of Escherichia coli serotype 0157:H7 are Vero cytotoxin-producing enteric pathogens which have been associated with sporadic cases and outbreaks of hemorrhagic colitis and with the hemolytic uremic syndrome in humans. In addition to toxin production, adherence of many pathogenic bacteria to intestinal mucosal surfaces is a critical primary step in the pathogenesis of diarrheal diseases. Although E. coli serotype 0157:H7 organisms adhere to intestinal epithelia of orally infected animals in a pattern morphologically identical to that previously described in adherent, effacing E. coli infections, the mechanisms of bacterial adherence are not known. To determine the cell surface adhesins which mediate attachment of E. coli 0157:H7 to epithelial surfaces, we evaluated the surface properties of these organisms. Five strains isolated from children with the hemolytic uremic syndrome were grown both in broth cultures and on agar media. Adherence and invasion of E. coli 0157:H7 in Intestine 407 and HEp-2 epithelial cell lines was quantitated using an enteroinvasive E. coli strain (serotype 0164:NM) as a control. Cell surface properties of E. coli 0157:H7 were evaluated by agglutination of a series of erythrocytes, transmission electron microscopy, DEAE-ion-exchange chromatography, and hydrophobic interaction chromatography. E. coli 0157:H7 strains adhered to but did not invade either Intestine 407 or HEp-2 cells. Homologous 0157:H7 rabbit antiserum blocked attachment of bacteria to tissue culture cells, in contrast to heterologous antiserum and preimmune rabbit serum, which did not inhibit attachment of E. coli 0157:H7. None of the five 015:H7 isolates mediated mannose-resistant hemagglutination under any of the in vitro culture conditions. One isolate mediated mannose-sensitive hemagglutination after serial passage in broth cultures. Pili and fibrillae were not visualized by electron microscopy on nonhemagglutinating organisms, but pili were demonstrated on the one isolate which mediated mannose-sensitive hemagglutination. All 0157:H7 strains demonstrated high anionic surface charge (DEAE) but low surface hydrophobicity properties (hydrophobic interaction chromatography). The findings suggest that surface structures other than pili can mediate attachment of serotype 0157:H7 bacteria to epithelial cells in vitro.
Escherichia coli strains of serotype 0157:H7 were first reported in association with two separate outbreaks of hemorrhagic colitis in the United States (30) . Subsequently, isolation of E. coli 0157:H7 in the stools of patients with nonbloody diarrhea (14, 35) and in sporadic cases of hemorrhagic colitis (25, 29) has been demonstrated in the absence of other identifiable enteric pathogens. In addition, Vero cytotoxin-producing E. coli strains, including those of the 0157:H7 serotype, have been associated with the hemolytic uremic syndrome (13, 18, 35) .
E. coli 0157:H7 strains do not elaborate the heat-labile and heat-stable enterotoxins that are produced by enterotoxigenic E. coli (38) . E. coli of this serotype are not enteroinvasive, as judged both by negative Sereny tests and by the absence of invasion into epithelial cells in tissue culture (38) .
However, E. coli 0157:H7 do produce high levels of a cytotoxin variously termed verotoxin (18) or Shiga-like toxin (22) .
In addition to toxin production, adherence of many enteric pathogens to mucosal surfaces in the gastrointestinal tract is an important primary step that results in bacterial colonization of the intestine necessary for both delivery of elaborated toxins to enterocytes and tissue invasion (3, 27) . Adherence of other pathogenic E. coli to mucosal epithelia can be mediated by various cell surface antigens including pili, fibrillae, outer membrane proteins, capsular polysaccharide, SURFACE PROPERTIES OF E. COLI 0157:H7 1825 tain invasive properties. Various incubation media were used since expression of surface adhesins by pathogenic E. coli is affected by the growth conditions employed (7, 21, 24, 34) . All strains were grown in static, nonaerated broth cultures of Penassay (Difco Laboratories, Detroit, Mich.) and brain heart infusion (Difco). To promote expression of type 1 pili, organisms were serially passed in broth daily for 10 days (24) . Bacterial strains were also streaked onto both Casamino acids-yeast extract agar (7) (34) . Increasing retention of bacteria correlates with increasing cell surface hydrophobicity.
Ion-exchange chromatography. The net surface charge of bacterial strains was determined by DEAE-cellulose ionexchange chromatography, as described by Kabir In experiments performed to visualize adherence of bacteria to epithelial cells under bright-field illumination, sterile, circular cover slips were first placed in the wells. In these experiments, incubation conditions were identical to those described by Cravioto et al. (10) .
Quantitation of bacterial adherence and invasion of HEp-2 and Intestine 407 cells was performed by adapting the method described by Bhogale et al. (5) . Briefly, epithelial cells were grown overnight in 12-well plastic trays and washed three times with Hanks balanced salt solution. Then, 108 bacteria in 0.1 ml of Penassay broth was placed into 2 ml of antibiotic-free Eagle basal medium in the presence and absence of 1% D-mannose. Organisms were added to duplicate wells and incubated at 37°C in 5% CO2. After a 3-h incubation, the medium containing nonadherent bacteria was removed and the monolayers were washed six times with sterile Dulbecco PBS (Flow Laboratories). To one well, 2 ml of Eagle basal medium containing 50 ,ug of kanamycin (Flow Laboratories) per ml was added, and to the other well an equal volume of medium without antibiotics was added. After a further 3 h of incubation, the monolayers were washed in citrate-saline, and epithelial cells were released by incubation with 0.25% trypsin. Collected epithelial cells which contained adherent or intracellular bacteria were placed in 0.1% bovine serum albumin in distilled water and vortexed vigorously to lyse the tissue culture cells. Initial bacterial inocula and lysates were serially diluted 10-fold in sterile PBS, and 0.1-ml portions of dilutions were plated in duplicate onto bile salt agar plates. The number of viable bacteria adherent to (no antibiotics) and invading (kanamycin-treated) tissue culture epithelial cells was then calculated. Results are expressed as the percentage of initial bacterial inoculum and the percentage of adherent organisms, respectively.
Antisera. Formalin-treated 0157:H7 (strain C) and a fecal commensal E. coli strain, 640 (serotype 06:H5), were adjusted to a concentration of 109/ml in sterile saline, and five doses were injected intravenously into rabbits at 4-day intervals. Sera were collected 7 days after the final intravenous injection. In studies which evaluated inhibition of bacterial adherence to tissue on culture cells, serial dilutions of hyperimmune antisera and preimmune rabbit serum in 2.0 ml of medium were mixed with bacteria before their incubation with epithelial cells in tissue culture.
Statistics. Results are expressed as means + standard error (SE). Analysis of variance was used to determine significant differences between the means of multiple groups (9) . RESULTS showed that adherent organisms were localized to the surface membrane of epithelial cells (Fig. 1) .
Interactions
Adherence Adherence of E. coli 0157:H7 to epithelial cells in tissue culture was inhibited by the addition of antiserum raised against strain C at dilutions which did not result in visible slide agglutination of organisms. Inhibition of bacterial binding to epithelial cells by this antiserum was specific since both preimmune rabbit serum and antiserum raised against a fecal commensal E. coli did not inhibit attachment of E. coli 0157:H7 to tissue culture cells (Fig. 2) .
E. coli 0157:H7 did not invade HEp-2 cells, since the percentage of adherent organisms that were contained within the cytoplasm of epithelial cells was significantly less compared to invasion of HEp-2 cells by a known enteroinvasive E. coli strain (analysis of variance, P < 0.001) ( (11) . After serial passage of E. coli 0157:H7 in broth cultures for 10 days, only one strain demonstrated mannose-sensitive hemagglutination (Table 3 ). This was the one strain which was shown by transmission electron microscopy to bear pili on the cell surface of the bacteria (Fig. 3) . The four 0157:H7 strains that did not mediate hemagglutination did not express pili or fibrillae when examined by electron microscopy.
To determine whether a subpopulation of bacteria which were adherent to epithelial cells expressed hemagglutinating pilus adhesins, organisms that were adherent to Intestine 407 were isolated and cultured overnight at 37°C both in broth cultures and on agar media. Bacteria that were adherent to the surface of epithelial cells did not agglutinate erythrocytes, and they did not have pili on their cell surfaces, as demonstrated by electron microscopy.
Cell surface hydrophobicity properties of E. coli 0157:H7 were determined by hydrophobic interaction chromatography, since increased surface hydrophobicity correlates with adherence of other E. coli strains to microvillus membranes (15, 34) . In contrast to the two other pathogenic E. coli strains, which expressed mannose-resistant pilus adhesins that confer increased cell surface hydrophobicity, E. coli 0157:H7 strains did not demonstrate hydrophobic cell surface properties (Table 4) . Retention of E. coli 0157:H7 strains on phenyl-Sepharose columns was not significantly increased after serial passage of bacteria for 10 days (data not shown).
In contrast with their low surface hydrophobicity, all of the E. coli 0157:H7 strains demonstrated high anionic surface charge. All 0157:H7 strains required high concentrations of NaCl (0.25 to 0.5 M) in phosphate buffer to be eluted from the ion-exchange column under each of the growth conditions tested (Table 5 ). The concentration of the NaCl buffer required to remove bacteria from the columns did not change after bacteria were passaged for 10 days (data not shown). (12), and chickens (4) in a manner morphologically identical to that previously described in human enteropathogenic E. coli infections of rabbits (36) and humans (8, 31) . That is, the organisms adhere closely to cupped or effaced regions of the luminal plasma membrane in areas where the plasma membrane is raised like a pedestal and the normal microvillus membrane architecture has been disrupted. Verotoxin-producing E. coli of serotypes other than 0157:H7 adhere to intestinal mucosa in an identical manner (23) . Since human enteropathogenic E. coli strains adhere to HEp-2 cells (2, 10), we first demonstrated adherence of E. coli 0157:H7 strains to HEp-2 cells. We extended our findings to include the Intestine 407 cell line to determine whether these Vero cytotoxin-producing E. coli strains also adhered to a human epithelial cell line of intestinal origin. Adherence of E. coli 0157:H7 to epithelial cells was specific, since only homologous antiserum inhibited binding of the bacteria to epithelial cells. Although significantly less than the known enteroinvasive E. coli, E. coli 0157:H7 strain B invaded the cytoplasm of both HEp-2 and Intestine 407 cells to a greater degree than the other four 0157:H7 strains. This finding could either be due to a laboratory artifact or be an indication of variation among 0157:H7 strains. Further studies using a greater number of isolates will be necessary to distinguish between these possibilities. Enteropathogenic E. coli adhere to HEp-2 cells in two distinct patterns, termed localized adherence and diffuse adherence (32) . Localized adherence of E. coli to HEp-2 cells is mediated by a 55-to 60-megadalton plasmid (2) that appears to encode the expression of a 94-kilodalton outer membrane protein (20) . Others have also reported that adherence-of certain E. coli to HEp-2 cells is mediated by nonpilus protein adhesins (33, 37, 39) .
However, adherence of enterotoxigenic E. coli (7, 19) and certain enteroadherent, effacing E. coli (34) (39) . Therefore, although expression of type 1 pili increased the number of organisms adherent to tissue culture cells, nonpiliated E. coli 0157:H7 strains also bound to epithelial cells in culture.
All 0157:H7 strains demonstrated high anionic surface charge by ion-exchange chromatography under each of the growth conditions. Therefore, we were not able to determine in these studies whether changes in surface charge would alter binding of the bacteria to epithelial cells. However, inhibition of binding of E. coli 0157:H7 to cells in tissue culture by rabbit antiserum raised against whole bacteria, and lack of inhibition by both heterologous and preimmune (3, 27) . Future studies will determine the specific surface structures which mediate adherence of these Vero cytotoxin-producing E. coli to intestinal epithelial cells of human origin.
